We used confocal laser scanning microscopy to analyze and compare Langerhans cells (LCs) in normal skin of six subjects. Acetone-fmed epidermal sheets and 25-vm vertical skin sections were incubated with fluorescein isothiocganateconjugated mouse monoclonal antibodies directed against HLA-DR. An individual threshold setting algorithm compensating for the &renm in background fluorescence was applied to identify specific fluorescence. No statistically significant diflkrence was found in the relative volume of epidermal HLA-DR reactivity between epidermal sheets (14 f 5 %) and vertical skin sections (13 f 6%) or in the number of dendrites per HLA-DR' LCs (7.8 .c 3.1 and 5.9 f 3.1, n = 58, respectively). However, statistically significant higher background intensity was found in vertical sections than in LCs is preferably performed on epidermal sheets rather than on vertical sections. ( J Hisrochem Cyrochem 43:993-998,  1995) 
Introduction
The epidermal antigen-presenting Langerhans cell (LC) is of importance for immunological reactions in the skin (1). The density of LCs in epidermis correlates to the outcome of immunological reactions within the epidermis, such as induction of sensitization or unresponsiveness (2) . Analysis of the LC population in the skin is therefore widely used as one parameter to monitor the immunological reactivity of the skin.
LCs are usually identified by immunohistochemical staining with monoclonal antibodies against major histocompatibility (MHC) Class I1 antigens (HLA-DR in human) or CDla molecules, which LCs constitutively express (3,4) , and therefore can be analyzed by light microscopy. Several studies have demonstrated the importance of defining LCs, the selection of enumeration method, and the need for a relatively large sampling volume in quanufying LCs (5-7).
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Correspondence to: Annika Scheynius, MD, PhD, Dept. of Clinical Immunology, Karolinska Hospital, S-171 76 Stockholm, Sweden. epidermal sheets. Three-dimensional (3D) reconstructions of HLA-DR+ LCs revealed a concentration of HLA-DR to one or a few intracellular vesicles in 42 of 58 analyzed LCs in epidermal sheets and in 18 of 58 analyzed LCs in vertical sections. Direct contact between dendrites from different LCs was not found. The results indicate that both skin forms are suitable for quantitative studies. Owing to less background intensity and larger tissue volume, detailed 3D analysis of However, objective quantitation and grading of fine morphological changes of LCs are difficult to assess by ocular observation and, in addition, light microscopy restricts the analysis of thick tissue specimens.
Recently it has been demonstrated that these problems can be overcome using confocal laser scanning microscopy (CLSM) and image analysis (7) (8) (9) (10) (11) . CLSM is a technique based on point illumination and point detection with suppression of out-of-focus light (12) , which yields improved resolution, especially in the vertical dimension, and permits optical sectioning. All data are digitally stored, thus permitting subsequent image analysis and three-dimensional (3D) analysis. In the present study we analyzed in detail the relative volume and morphology of HLA-DR+ LCs in epidermis of six subjects using CLSM. Two different forms were chosen for analysis and comparison: epidermal sheets and 25-pm thick vertical skin sections.
Materials and Methods

Szlbjects
Normal human skin was obtained during plastic reconstruction surgery of the breast from six female patients with a mean age of 40 years (range 20-65 993 years). The skin samples were wrapped in compresses and kept on ice during transport to the laboratory for immediately processing. Skin from one subject (n = 6) was used for each experiment (n = 6).
Immunofluorescence Staining
Epidermal Sheets. The skin samples were washed in PBS and trimmed with a dermatome to a thickness of approximately 1 mm. After repeated washings in PBS the skin samples were cut into pieces of about 5 x 5 mm. The epidermis was separated from the dermis by incubation in thermolysin (Protease Type X Sigma Chemical, St Louis, MO), 500 pg/ml in MgC12free PBS containing 1 mM CaC12, pH 7.8, for 2 hr at 4"C, with stratum corneum up (8, 13) . The epidermal sheets were subsequently washed in PBS for 15 min and fixed in 100% (w/v) acetone for 20 min at room temperature (RT). After additional washes in PBS for 60 min at RT, the epidermal sheets, stratum corneum side up, were incubated with fluorescein isothiocyanate (FITQconjugated mouse monoclonal antibodies against HLA-DR (IgGzak; Becton-Dickinson, Sunnyvale, CA), diluted 1:8 with a solution of bovine serum albumin (40 mg/ml in PBS), on gelatin-covered glass slides and kept in a humidified chamber overnight at 4°C. After several repeated washes with PBS (being applied and subsequently removed with a pipette onto the sheets) for 60 min, the sheets were mounted, stratum corneum down, on the glass slides with glycerol in PBS containing 0.5% ofpmaphenylenediamine (PPD) to reduce fading of immunofluorescence during microscopy (14) .
The epidermal sheets were mounted in the center of the glass slide and the 0.17-mm coverslip was carefully glued with nailpolish to prevent leakage of the embedding medium and movement of the specimen before or during the scanning procedure, which would make the recorded data unusable for 3D analysis.
Vertical Skin Sections. Full-thickness skin samples were cut into pieces of 2 x 3 mm with a razor blade. These skin specimens were immediately snap-frozen in isopentane at -70'C and thereafter embedded in Tissue-Tek (Miles; Elkhart, IN). Sections of 25-pm were cut in a cryostat, air-dried for 30 min, and fixed in 100% acetone at RT for 20 min before being processed as described for epidermal sheets.
Con focal Laser Scanning Microscopy
We used a SARASTRO 2000 CUM system (Molecular Dynamics: Sunnyvale, CA). This beam-scanning system uses a Nikon Optiphot I1 upright microscope and an argon ion laser (maximal laser power 25 mW). For detection of F I E , the 488-nm laser wavelength was used together with a 510-nm dichroic beamsplitter, reflecting light <510 nm, a 50-pm confocal aperture, and a 510-nm longpass filter in front of the detector, i.e., a photomultiplicator tube (PMT). The applied voltage to the PMT detector is proportional to the amplification of the signal. The laser power at the laser head aperture was 21 mW. The laser light was attenuated by selecting a single line (488 nm) and by using a neutral density filter (30% transmission). Assuming that the 488 nm accounts for about 60% of the total output from the laser and assuming about 10% loss of light in each of the components of the optical system (i.e., the dichroic beamsplitter, the two galvanic mirrors, and the lenses), the laser power at the microscope ocular was about 2 mW. The PMT voltage (varying between 760-780 V for epidermal sheets and 800-840 V for vertical skin sections) was adjusted so that the full scale of the &bit signal digitization (256 gray levels) was utilized, i t . , avoiding both compression of the dynamic range of the signal as well as saturation, for both epidermal sheets and vertical sections in each experiment.
To allow comparison among the images obtained, the PMT and laser power setting were not adjusted between recordings of different optical image stacks in epidermal sheets or vertical sections within the same experiment and subject. The software for scanning and processing the data, Imagespace (Molecular Dynamics) was implemented on a Silicon Graphics Personal Iris 2514D computer (Silicon Graphics; Mountainview, CA). The differences in refractive index of the immersion medium (oil 1.5, air 1.0) and embedding medium (PPD in glycerol 1.4), which would affect the depth scale of the analyzed volume (15) , were compensated for by the software when scanning.
Stereological Measurements with CLSM
Two epidermal sheets and four vertical sections from each subject were stained and investigated for stereological measurements on the same occasion. The examination was performed with a x 40/1.0 planoapochromate Nikon objective and a x 10 eyepiece. The picture element (pixel) size was 0.25 x 0.25 pm and the picture size was 512 x 512 pixels (128 x 128 pm). Only the central part of the field of view of the objective was recorded in each scanning session. This was done to minimize the influence of vignetting in the optical system (16) . For both epidermal sheets and vertical skin sections, the penetration of the FIE-conjugated monoclonal antibody against HLA-DR was examined with vertical z-scans.
Epidermal Sheets. For each subject, four fields of view in two different epidermal sheets were investigated. The fields of view to be analyzed were chosen according to a predefined pattern to avoid bias. From one corner of the epidermal sheet, the microscope was moved four fields of view both horizontally and vertically to start analysis. The other three fields of view to be analyzed were chosen as the corners of a box comprising 3 x 3 fields of view. When hair follicles were present in the field of view, the specimen was moved one field of view in the predefined direction. At each field of view an optical stack of five sections in depth was scanned, thus giving a total of 40 optical sections from the two epidermal sheets per experiment. After recording the position of the top surface of the epidermal sheet (i.e., the basal layer of epidermis) from a z-scan, the optical sections were scanned with a 2-increment of 3.0 j" starting 5.0 pm from the top.
Vertical Sections. For each experiment, two fields of view in four different vertical sections were analyzed. On each of the skin sections, the third and sixth fields of view from the left side of the section were chosen. When hair follicles were present in the field of view, the specimen was moved one field of view in the predefined direction. At each field of view an optical stack was scanned in the same way as described for epidermal sheets. A total of 40 optical sections from the four vertical sections per experiment was obtained.
Image Processing
Each optical stack was evaluated with the Imagespace software. The threshold of pixel data for each optimal stack was processed by an algorithm previously described (17) and was compared to manual inspection of each image in each optical stack. The algorithm usually yielded the same threshold as was chosen by manual inspection (within k 2 arbitrary units, typically e 1 on the 0-255 scale). Individual threshold data for each optical stack were chosen because of the variability between staining strength and background intensity level. For each experiment and subject, approximately the same threshold was used for optical stacks of epidermal sheets and vertical skin sections. However, the determined threshold varied considerably among different experiments (Table 1) . To reduce background noise, all images were filtered with a 3 x 3 Gaussian filter (2D filtering).
Epidermal Sheets. In each stack, the relative area of pixels with an intensity over the algorithm indicated threshold (pixl) in each image was determined by dividing the number of pixi by the number of pixels in the whole field of view (512 x 512 = 262,144 pixels). A mean area was calculated for each optical stack (mean of five sections) and the epidermal sheets for each experiment (mean of 40 sections, i.e., eight stacks). a Epidermal sheets and vertical sections (25 Nm thick) were stained for HLA-DR expression with immunofluorescence The relative areas of pixels over a chosen threshold on an arbitrary intensity scale (range 0-253) in the entire field of view (epidermal sheets) or user-defined maps (vertical sections) are indicated. Five optical sections in eight different fields. giving a total of 40 optical sections for each form. were scanned at x 400 magnification. Results are expressed as mean per form i-SD. n = 40 optical sections Mean threshold values -c SD from eight optical stacks on an arbitrary intensity scale (range 0-233) are indicated.
' A statistically significant difference was found in threshold values between epidermal sheets and vertical sections (p<O 0004) Vertical Sections. From each optical stack, an extended focus projection was calculated. An extended focus projection is a 2D representation of 3D data. Each optical section in the optical stack is added together, producing the extended focus projection where all sections are in focus. By using extended focus projections the border of the basal layer of epidermis was well visualized, giving a suitable map of epidermis. A map of epidermis, excluding the stratum corneum, was drawn for each extended focus projection (one for each stack of five optical sections). The mean size of the userdrawn maps was 96.371 * 28.113 pixels (range 50.368-160.430 pixels). In each stack, the relative area of pixels with an intensity over the algorithmindicated threshold (pix,) in each image was determined by dividing the number of pix, by the whole number of pixels in the user-drawn map. A mean area was calculated for each optical stack (mean of five sections) and the four vertical sections for each experiment (mean of 40 sections, i.e., eight stacks).
0 Reconstructions of LCs
One epidermal sheet and two vertical sections from each subject were additionally stained and investigated on the same occasion to obtain 3D reconstructions of LCs. The examination was performed with a x 10011.4 planoapochromate Nikon objective (oil immersion) and a x 10 eyepiece. The pixel size was 0.20 x 0.20 pm and the picture size was either 512 x 512 or 256 x 256 pixels. Three fields of view were scanned for both the epidermal sheet and the vertical sections. O n the epidermal sheet, the microscope was positioned to the left bottom corner and then moved five fields of view laterally and vertically to start analysis. The other two fields of view were positioned as the corners of a box comprising 4 x 4 fields of view. On one of the vertical sections the fourth and eighth fields of view were analyzed. On the other vertical section the third field of view was analyzed. In the case of hair follicles present in the field of view, the specimen was moved one field of view in the predefined direction.
Optical stacks of approximately 60 sections (range 40-loo), depending on the spatial orientation of the LCs in the [issue, were scanned with a z-increment of 0.4 pm. Each optical stack was evaluated with the Imagespace software. The threshold of pixel data for each optical stack was processed as described for the quantitative measurements with the x 40 objective. To reduce background noise all images were filtered with a 3 x 3 x 3 Gaussian filter (3D filtering).
Extended focus projections from different angles of view (0-180" longitudinal) were produced from the optical stacks, consisting of voxels. The number of cells in the stacks ranged from one to six. At least five HLA-DR' LCs per epidermal sheet and vertical section and subject were analyzed, giving a total of 58 HLA-DR' LCs per form. The total number of dendrites, i.e., the number of primary and secondary dendrites per cell, possible contacts between dendrites from different cells, and the distribution of staining within each cell were analyzed by optical inspection of the projections. Primary dendrites were defined as sprouts from the cell body with a length of at least 3 pm and secondary dendrites were defined as branches with a length of at least 3 pm from the primary dendrites. The length of the primary dendrite and secondary branches was determined by distance measurements on extended focus projections where the dendritesisecondary branches were oriented at approximately 90" longitudinal to the angle ofview. epidermis. Two different forms were chosen for analysis and comparison: epidermal sheets and 25-ym thick vertical skin sections. Both forms provide sufficiently large tissue volumes to allow statistically reliable measurements of the relative volume of LCs. The relative volume of epidermal HLA-DR expression in the present study was 10-17% and there was no statistically significant difference between the two forms. Previous studies of the relative volume of CDla' LCs in normal human epidermis obtained with CLSM on thick vertical skin sections have yielded values ranging from 5-28% (7, 9, 11) .
The different values reported in these studies might be explained by the known increased staining pattern for CDla compared to HLA-DR in vertical sections (4) . In addition, the variability of LC density in different body regions and the individual variability of LC density (18) should be considered.
In the present study we used an individual threshold procedure for setting of the pixel data. This was necessary because the level of background intensity level (measured as threshold values in the optical stacks) differed significantly between vertical sections and epidermal sheets ( Table 1 ). The importance of choosing threshold value has been demonstrated by the influence of the threshold value on the relative volume determination (9) . A 1-2 arbitrary unit high/lower threshold setting in the present study would increaseldecrease the volume estimation of epidermal HLA-DR expression by approximately 15-20% from the obtained values with the algorithm yielded threshold. Using the threshold algorithm, we could compensate for the difference in background intensity level between the two forms. However, we stress the difference in detected contrast or dynamic range of the pixel intensity between the two forms. The dynamic range of the pixel intensities in the optical stacks scanned with the x 40 objective, i.e., maximal pixel value (255) minus the mean threshold value (14 for epidermal sheets and 37 for vertical sections) (19) was lower in vertical sections than in epidermal sheets. This means that the separation of small objects, such as fine dendrites, from background intensity at points with low intensity can be somewhat poorer for vertical sections than for epidermal sheets. One might speculate whether the higher background intensity in vertical sections depends on the freezing procedure and whether the relatively lower background intensity in epidermal sheets is due to the thermolysin treatment. In both cases morphological alterations could have been introduced into the tissue and could thus affect the light-scattering properties. In addition, the freezing procedure might have caused epitope leakage in the vertical sections.
No direct contact between dendrites from different LCs was found when 3D projections of the LCs from different angles of view were analyzed (Figure 2) . This observation and the number of dendrites per HLA-DR* LCs are in line with another report using CLSM and CDla as a marker of LCs (10) . However, what we register with CUM is only areas at which sufficient amounts of antibodies against HLA-DR have bound.
The power of CLSM as a tool for 3D analysis was stressed when we examined the intracellular distribution of HLA-DR of the LCs with 3D projections. By inspection of each of the optical sections of the stacks corresponding to the 3D projections, we could clearly determine the HLA-DR distribution as intracellular or membrane bound. Our finding of an accumulation of HLA-DR in one or a few cytoplasmic vesicles agrees with previous studies on murine LCs using light microscopy and electron microscopy (20, 21) . The rela-
Results
QuantifiGation of HLA-DR Expression in Normal Human Epidermis
In epidermal sheets and vertical sections, the LCs were distributed mainly in the basal and middle part of the epidermis. Occasionally LCs were found in the upper part of the epidermis. The penetration of the FITC-conjugated antibodies against HLA-DR was analyzed with vertical z-scans and strong fluorescence staining of HLA-DR' LCs was detected beyond the depth of the stereological measurements (at >30 ym depth in epidermal sheets and at >20 ym in vertical sections).
The relative volume of HLA-DR expression varied between 11% and 17% in epidermal sheets and between 10% and 17% in vertical sections (Table 1 ). There was no statistically significant difference in the relative volume of HLA-DR reactivity between epidermal sheets and vertical sections (p>O.OS; Table 1 ). A statistically significant difference was demonstrated in the mean threshold for epidermal sheets and vertical sections (p<0.0004; Table l), indicating the difference in background intensity level between the two forms.
0 Analysis of LCs
There was no statistically significant ddference (p>0.05; Figure 1 ) in the mean number of total dendrites per HLA-DR' LC between epidermal sheets (7.8 k 3.1, range 3-15) and vertical sections (5.9 f 3.1, range 1-13), nor were any significant differences found in the mean number of primary (epidermal sheets 4.4 0.04, vertical sections 3.9 0.8) or secondary (3.3 2 1.0 and 2.3 k 1.8, respectively) dendrites per HLA-DR* LC between the two forms (p>0.05; Figure 1 ). Direct contact between dendrites from different cells in the analyzed stacks was not found when the extended focus projections were visualized at ddferent angles of view (Figures 2a and  2b) . In several of the analyzed stacks, the distance between dendrites from different cells was less than 5 pm.
By inspection of each of the optical sections of the stacks corresponding to the 3D projections, we could clearly determine the HLA-DR distribution as intracellular or membrane bound. A comparison of the HLA-DR staining to one or a few intracellular vesicles ( Figure 2) was found in LCs for all subjects in epidermal sheets (42/58 cells) and in five of six subjects in vertical sections (18158 cells).
Discussion
In the present study we used immunofluorescence staining in conjunction with CLSM, which permits 3D analysis of cells, to study the relative volume and morphology of HLA-DR+ LCs in human tive lower amount of HLA-DR in cytoplasmic vesicles found in vertical sections in the present study, might be explained by the sectioning procedure in which part of the cell body has been cut.
From a laboratory point of view, both epidermal sheets and vertical sections possess advantages and drawbacks. Epidermal sheets require more processing time than vertical sections owing to the dermatome cutting and the epidermis-dermis separation by thermolysin. On the other hand, epidermal sheets offer larger measurement volumes and more optimal analyzing condition owing to a lower tissue-dependent background intensity level. The processing of vertical sections requires a cryostat and involves freezing and embedding of the skin specimen. However, vertical sections offer additional information on the spatial relationship between the epidermal and the dermal components of the skin.
In conclusion, our results demonstrate that both forms, epidermal sheets and thick vertical sections, are suitable for quantification of HLA-DR reactivity in epidermis with CUM using immunofluorescence staining. However, with regard to the larger tissue volume and less background intensity level, detailed 3D analysis of LCs is preferably performed on epidermal sheets rather than on vertical sections.
